Abstract The direct electrochemistry of catalytically active cytochrome C (Cyt c) adsorbed together with a 3-dimensional network of chemically synthesized graphene on glassy carbon electrode has been readily obtained in aqueous phosphate buffer. Direct electrical communication between the redox center of Cyt c and the modified graphene-based electrode was established. The modified electrode was employed as a high-performance hydrogen peroxide (H 2 O 2 ) biosensor. The Cyt c present in modified electrode exhibited a pair of quasi-reversible redox peaks with a midpoint potential of −0.380 and −0.2 V, cathodic and anodic, respectively. Investigations into the electrocatalytic activity of the modified electrode upon hydrogen peroxide exposure revealed a rapid amperometric response (5 s). Under optimized conditions, the linear range of response to H 2 O 2 concentration ranged from 5 × 10 −7 to 2 × 10 −4 M with a detection limit of 2 × 10 −7 M at a signal-to-noise ratio of 3. The stability, reproducibility, and selectivity of the proposed biosensor are discussed in relation to the morphology and composition of the modified electrode.
Introduction
Enzyme-based electrodes have been the focus of research for a few decades due to their applications in clinical detection and environmental monitoring [1] [2] [3] . Additionally, the direct electron transfer (DET) between the redox enzymes and the solid electrode surface is the foundation of the electrochemical biosensors and is of immense interest during the investigation of biomolecules [4] [5] [6] . However, the active site of redox enzyme is deeply embedded within a protective protein shell, which reduces the shuttling of electron between the enzyme and an electrode [7] . Therefore, a fast electron shuttling between the enzyme and the electrode is a critical issue for the fabrication of efficient enzyme-based electrochemical biosensors. In order to enhance this electron shuttling, the combination of biological molecules and novel nanomaterial components have been used [8] [9] [10] . Cytochrome c (Cyt c) is a basic redox metallo-protein and basic lysine residues are clustered around its active site, which is a heme iron porphyrin. Direct electron transfer (DET) of Cyt c has been investigated in order to construct sensitive electrochemical biosensor at various matrixes [11, 12] . However, DET of Cyt c on those matrixes has shown poor performances. To improve the DET coupling of Cyt c to the electrode, conducting nanomaterials can be used to shuttle charge to the electrode.
Chemically synthesized graphene materials are suitable candidates in enzymatic electrodes as they provide an imperfect polar surface for functionalization while retaining structural robustness and electronic conduction [13] [14] [15] [16] [17] [18] [19] . Graphene-based materials including graphene oxides have been used for enzyme immobilization in order to achieve the direct electron transfer of enzyme for biosensing application [20] [21] [22] [23] . However, the critical function and performance of the working electrodes have been primarily governed by the morphology of the graphenic carbon employed together with the surface chemistry. Pertinent to the efficient functioning of a biosensing electrode is a conducting material with extended structural robustness while maintaining an accessible surface.
Here, we employ a chemically synthesized graphene material that forms a conducting, robust 3-dimensional graphene network with a chemically accessible surface containing negatively charged carboxylic and hydroxyl groups [24] . This graphene material proves effective in the fabrication of an enzyme-based electrode with high biocompatibility. To the best of our knowledge, for the first time, we have applied the chemically synthesized graphene to build up a 3-dimensional conductive network of chemically synthesized graphene/Cyt c onto the glassy carbon electrode in order to study the direct electron transfer between Cyt c and an electrode and establish working biosensor for the sensitive detection of H 2 O 2 . In order to fabricate the biosensor, we have functionalized graphene using process of carboxylation and crosslinked with Cyt c [24] . Then, the crosslinked graphene/ Cyt c composite was immobilized on the surface of glassy carbon electrode to form a graphene/Cyt c-modified electrode. It is noteworthy that cytochrome c has 19 positively charged lysine residues, which is useful to crosslink with carboxyl group, and Cyt c-based biosensors have shown more stability [11] . Our result shows that the immobilized Cyt c showed a good electrocatalytic activity to the reduction of H 2 O 2 in the graphene matrix.
Experimental Reagents and materials
Graphene material was chemically synthesized according to the method of Choucair et al. 2008 to obtain graphene [25] . Cytochrome C was purchased from Sigma, used as received, and stored at 4°C. 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) was purchased from Aldrich. Thirty percent hydrogen peroxide was bought from Fluka and the stock solution of H 2 O 2 was diluted from this. All experimental solutions were prepared fresh by appropriate dilution of the stock solutions. All other reagents were of analytical grade and used as supplied. The pure water (18 MΩ cm) used to prepare all solutions in this study was purified with the Nanopure® water system. All experiments were performed in 0.1 mol l −1 phosphate buffer solutions (PBS) whose pH values were adjusted with K 2 HPO 4 and KH 2 PO 4 .
Partial oxidation of graphene
Although the obtained graphene already contains a number of -COOH and -OH functional groups, however, to ensure consistency in the oxidized surface -COOH groups, the material was partially oxidized by stoichiometric reactions outlined by [24] . Briefly, this involved G1 sonicated for 4 h in a mixture solution of concentrated sulfuric acid and nitric acids (3:1 ratio of H 2 SO 4 and of HNO 3 ). This material was centrifuged for 1 h at 22000 rpm, and the supernatant decanted whereby distilled water was added. The sample was again centrifuged for 1 h at 2200 rpm, and this process was repeated five times so that pH 7.0 is achieved. In the final cycle, the supernatant was removed and ethanol added to the remaining graphene. This sample was centrifuged, the supernatant decanted, and the material allowed to air dry to obtain the partially oxidized material graphene.
Crosslinking of Cyt C with oxidized graphene
Prior to crosslinking, 100 μg of Cyt c and equivalent mass of oxidized graphene in deionized water were added into 1 mL of 50 mM phosphate buffer saline (PBS) (pH 6.0), and the solution was stirred for 3 h. The crosslinker EDC was applied at a molar ratio of 50 to 1 over the enzyme, and the solution was incubated overnight with stirring. The stock solution of this crosslinked Cyt c-G2 was stored in 4°C and used to fabricate the biosensor.
Preparation of the modified electrode
All the modified electrodes were prepared by a drop-casting technique. A glassy carbon (GC) electrode (3 mm diameter) was used in the fabrication of Cyt c/oxidized graphene-based biosensor for this work. Before modification, the glassy carbon electrode was polished successively with emery paper and alumina slurries (0.3 and 0.05 μm). Then, it was thoroughly rinsed with water and sonicated in nitric acid (1:1), acetone, and water (each for 10 min). A volume of 10 μL of the stock solution of Cyt c-oxidized graphene was dropped onto a GC electrode and the electrode was allowed to dry in ambient air for 24 h to form the modified electrode, Cyt c-GR/GC. Similarly, a control using GR (without oxidized) and Cyt c only to modify the electrode was also fabricated, denoted as GR/GC and Cyt c/GC, respectively. Chitosan was used as glue for this fabrication. In generally, using as glue, chitosan gives electrode more stability.
Instrumentations and measuring procedures
Electrochemical experiments were performed using a CHI (660B) workstation. Cyclic voltammetry and amperometric experiments were carried out in a conventional onecompartment cell with a three-electrode configuration holding 20 ml of supporting electrolyte (phosphate buffer). Three electrodes consist of the Cyt c-GR/GC electrode or Cyt c/GC electrode as the working, a platinum coil as a counter electrode, and a KCl-saturated Ag/AgCl electrode as a reference electrode. Amperometric measurements were performed in a stirred cell by applying a potential of −0.4 V to the working electrode. A magnetic stirrer was used for this experiment.
Prior to measurements, all electrolytes were deoxygenated by bubbling ultra-pure nitrogen for 30 min. All measurements were performed at room temperature.
Results and discussion
Surface morphological characterization by transmission electron microscopy (TEM)
The morphologies of the chemically prepared graphene and crosslinked Cyt c and graphene were examined by TEM and confirmed the graphene surface had undergone functionalization to immobilize Cyt c on the surface. Figure 1a shows the TEM image of only graphene (without oxidized) and b shows the graphene (oxidized)/Cyt c composite. It can be seen from Fig. 1a that the graphene film appears as wrinkled, with regions of relative opacity indicating overlapping sheets with no interplanar correlation. The Cyt c crosslinked graphene (oxidized) shows regions that are less defined, with the presence of globular morphologies of a few nanometers within the wrinkles and folds which are attributed to Cyt c molecules (Fig. 1b) . [12] . Since the peak potential difference (ΔEp) is well above 59 mV, the redox couple is electrochemically quasi-reversible. On the other hand, curve (b) represents the cyclic voltammograms of Cyt c/GC which does not show any significant peaks for Cyt c redox couple in the given potential range. Therefore, comparing Cyt c-GR/GC with Cyt c/GC, we can infer that the presence of graphene can greatly enhance the direct electron transfer between Cyt c molecules and the underlying electrode.
Electrochemical behaviors of the Cyt c-GR/GC electrode
To further investigate the Cyt c characteristics at the Cyt c-GR/GC electrode, the influence of the scan rate on the electrochemical behavior of Cyt c-GR/GC was investigated using CV in the potential range of −0.8 and 0.2 V in N 2 -saturated 0.1 M PBS (pH 7.0). The anodic peak current (Ipa) and the cathodic peak current (Ipc) of the Fe III/II redox couple of the heme group of Cyt c increase linearly with the increase in scan rate. Figure 3 shows the scan rate increases from 0.05 to 0.2 V s ; the redox peaks (Epa and Epc) of Cyt s shift slightly, resulting in the increase of the peak-to-peak separation (ΔEp). At the same time, with the increase of the scan rates, anodic and cathodic peak currents increase linearly. All these characteristics correlate well with the redox process of Cyt c at the Cyt c-GR/GC electrode involving a quasi-reversible surfacecontrolled electrochemical process not a diffusion-controlled process.
Electrocatalytic activity of Cyt c at the Cyt c-GR/GC electrode
It has been reported that proteins containing a heme group such as hemoglobin or horseradish peroxidase are able to catalyze the electrochemical reduction of hydrogen peroxide (H 2 O 2 ) [26] [27] [28] [29] . The electrocatalytic activity of the modified Cyt c-GR/GC electrode was studied towards H 2 O 2 . Figure 4 shows the CV obtained for two different concentrations of H 2 O 2 at the Cyt c-GR/GC electrode in N 2 -saturated PBS (pH 7.0). The Cyt c-GR/GC electrode shows redox peaks in the absence of any H 2 O 2 , but the reduction peak current increases with the addition of H 2 O 2 . Simultaneously, the 
Based on above reaction, the added H 2 O 2 increases the oxidation form of the heme group of Cyt c in the proximity of the electrode, resulting in increased cathodic current and the disappearance of the anodic current.
Optimal biosensor parameters
Working under right chemical environment is one of the main priorities for a biosensor used to detect analytes [30] . The experimental parameters for the detection of H 2 O 2 with a Cyt c-GR/GC were optimized in terms of pH and applied potential. The sensitivity of the electrochemical biosensor was strongly dependent on applied potential. Thus, the effect of applied potential on the response of the Cyt c-GR/GC to H 2 O 2 was explored. As shown in Fig. 5a , upon addition of 5 × 10 −4 mol l −1 H 2 O 2, the cathodic current intensity obtained at the Cyt c-GR/GC increased with the negative shift of the operating potentials, from 0.0 to −0.4 V (vs. Ag/AgCl). Further decreases in the electrode potential initiated a decrease in the reduction current. This result illustrated that the more negative the operating potential, the higher the H 2 O 2 biosensor sensitivity becomes. At more negative potentials, there exists the probability of interference reactions from other electroactive species, such as ascorbic acid or uric acid in the solution [30] . With this in mind, and since the maximum reduction current was achieved, a working potential of −0.4 V for this biosensor was selected, where the background current is minimized and any unforeseen interference reactions from other electroactive species may be effectively avoided.
It has been reported that at lower pH ranges, the denaturation of biomolecules generates inferior responses from the biosensor [31, 32] . Additionally, at low pH values, the adsorbed Cyt c is positively charged and the saturation adsorption capacity decreases due to gradually increasing columbic repulsive forces between the positively charged protein amide acids. As a result, the protein molecules require additional surface space on the electrode, which is what results in a decrease in peak current with decreasing pH. On the other hand, it is already reported that some proteins were reported to be inactive at higher pH value, resulting the current decreased [32] .
Amperometric response and calibration of the biosensors
Amperometric H 2 O 2 measurements were carried out with Cyt c/GC and Cyt c-GR/GC, via successive additions of a H 2 O 2 solution in PBS at pH 6.0, at an applied potential of −0.4 V. Figure 6a shows the Cyt c-GR/GC exhibited increase of reduction current proportional to the concentration of H 2 O 2 . The reduction currents achieved 95% of steady-state currents within 5 s following the introduction of the H 2 O 2 solution and then the current decreases a bit. The reason for this lowering current could be due to the uneven concentration of H 2 O 2 on the electrode surface that resulted from the added H 2 O 2 in solution [32] .
At the same time, much lower current responses were found at the GR/GC and Cyt c/GC electrode with successive additions of H 2 O 2 . However, it has been previously reported that no response (or negligible response) of H 2 O 2 observed at the bare glassy carbon electrode [5] . The resulting calibration curve was linear in the range of 5 × 10 Table 1 . Unexpected interfering species may produce additional current response from a developed biosensor. Thus, we investigated the impacts of a select number of common substances such as ascorbic acid and uric acid (which typically coexist in samples) that interfered with the response of the proposed biosensor. In this experiment, interfering species were added to the PBS containing 0.1 mM H 2 O 2 under an optimum potential of −0.4 V. However, no current change was obtained for each of the interfering substances present at a concentration of 0.1 mM. The stability and the fabrication reproducibility of this biosensor were also investigated. The Cyt c-GR/GC was stored in PBS (pH 7.0) at 4°C when not being in use. The long-term stability of the proposed biosensor was determined every 14 days, and it was observed that 95% of its initial activity was retained. For the verification of fabrication reproducibility of the biosensor, three different Cyt c-GR/GC electrodes were prepared under the same conditions. The results of the electrode were within a relative standard deviation (RSD) of 4.50%. Good reproducibility could be explained by the fact that the amount of immobilized Cyt c-GR on the electrode surface was consistent. Furthermore, the repeatability of the biosensor for current response was examined. It was found that the relative standard deviation (RSD) was 4.25% for ten successive measurements at a H 2 O 2 concentration of 1 × 10 −4 M.
Conclusions
In this work, the direct electrical contact of Cyt c and the GC electrode was achieved by crosslinking Cyt c to a 3-dimensional network of a partially oxidized graphene material. Our experimental results revealed that direct electron transfer between the Cyt c and the electrode was obtained on the Cyt c/graphene-modified electrode. Moreover, we successfully fabricated an electrochemical biosensor using this 
